Introduction
ARLY in the next century, National Aeronautics and Space Administration (NASA) has plans for a human mission to Mars. Many recent studies have produced preliminary scenarios for various trajectory options to Mars, ranging from fast excursion to long-surface-stay missions. )-7 These studies have identified nominal Earth departure opportunities in the 2000-2025 time frame, typically utilizing chemical and nuclear thermal propulsion systems. These identified missions have total trip times between ! and 3 years with stay times at Mars ranging from 30-90 days for the fast excursion missions to 500-600 days for the long-surface-stay missions.
Studies have also been performed to consider the effect of offnominal conditions, such as abort possibilities for the nominal missions that were identified, in case problems arise while on transit to Mars. 5'8'9 However, problems may arise after the transfer vehicle has established orbit around Mars, or while the transfer vehicle is still in Earth orbit before departure. In such a case, delays may occur that do not allow the use of the nominal Mars or Earth departure dates. This outcome could have a drastic effect on the overall mission profile (i.e., encounter dates), and hence the initial mass of the transfer vehicle in low-Earth orbit (LEO).
This study determines the effect of delaying departure from Mars and Earth, once a nominal mission has been selected. In particular, the effect on the initial-mass-in-low-Earth-orbit (IMLEO) of the vehicle is investigated.
Additionally, this study ascertains the 250 usefulness of adding a deep-space maneuver (DSM) and/or a Venus swingby to the interplanetary trajectories in reducing the penalties associated with the delays in the Earth and Mars departure dates.
Background
In this study, three different classes of missions are analyzed: opposition, conjunction, and fast-transfer conjunction. The opposition-class missions are characterized by having total trip times of approximately 500 days with Mars stay times on the order of 30-90 days; the conjunction-class missions have total trip times on the order of 1000 days with Mars stay times around 500_00 days. The fast-transfer conjunction missions have total trip times similar to the conjunction-class missions; however, their transfer times are much shorter (on the order of 100 days). For this reason, fast-transfer conjunction missions are of interest because the crew's exposure to zero g and the space radiation environments are minimized. _ Additionally, the tankage and the aerobrake masses are assumed to be 10% of the propellant mass and 15% of the payload mass, respectively.
Nominal
Also, an upper limit on the entry with an L/D of 0.5, higher entry velocities may pose entry corridor width and deceleration limit problems._2 _3 Once the nominal missions are identified, delays to their Mars and Earth departure dates are considered in order to determine their effect on the IMLEO of a transfer vehicle. Departure delays of 5, 15, and 30 days were imposed at both Mars and Earth to simulate any problems that may arise while preparing for departure, such as the occurrence of a solar flare, dust storms on the Martian surface delaying ascent, or mechanical difficulties. For the Mars departure delays, the outbound leg to Mars follows the nominal trajectory. However, the inbound leg is allowed to vary so that an optimal Earth return trajectory can be obtained.
For the Earth departure delays, the entire round-trip trajectory (i.e., all encounter dates except for the Earth departure date) is allowed to vary so that the optimal trajectory to Mars can be determined for the new Earth departure date. After the effect of these Mars and Earth departure delays is determined, an analysis is performed to assess the usefulness of including a DSM and/or a Venus swingby to aid in the reduction of the penalties (IMLEO) associated with these delays. In this analysis, a DSM and/or a Venus swingby are considered to supplement both the outbound (Earth-Mars) and inbound (Mars-Earth) legs of the delayed trajectories. All the analysis in this study is performed using the patched-conic option of the Interplanetary Program to Optimize Simulated Trajectories (IPOST). i._ Table 2 shows the baseline trajectory parameters (i.e., encounter dates) for the all-propulsive, Earth direct entry, and Mars aerobraking and Earth direct entry scenarios taken from Refs. 4 and 6 using CHEM. Because of the volume of data, only the chemicalpropulsion results for four of the mission opportunities listed in Table 2 are presented in this article. However, all of the NTP resuits, along with the results for the other mission opportunities, are given in Ref. 15 . As seen, the IMLEO varies from approximately 600 to 2800 metric tons (mt), depending on the mission scenario. Additionally, the entry velocities at both Mars and Earth are within the limits imposed for all missions except for the 2010 oppositionclass and 2016 a fast-transit conjunction-class missions. In Refs. 4 and 6, the listed opportunities were obtained by optimizing the total mission A V and not the IMLEO of the transfer vehicle. Therefore, these baseline missions are reoptimized (producing Table 3 ) by permitting the encounter dates to vary so that the IMLEO of the transfer vehicle can be minimized.
Results
For the opposilion-class missions, the Earth departure, Mars arrival, Venus swingby, and Earth arrival dates are allowed to vary. However, the Mars stay time is fixed at 60 days, because as short a stay time as possible is preferred if the stay time is permitted to vary. For the conjunction-class missions, all the counter dates are allowed to vary, that is. the Earth departure and Mars arrival dates.
the length of the Mars slay time, and the Earth arrival date. For the fast-transfer conjunction-class missions, only the Earth departure date and the length of the Mars stay time are allowed to vary, so that their characteristic of having fast transfer legs will be preserved. If the Mars and Earth arrival dates were permitted to vary, the fasttransfer conjunction missions' transit limes would lengthen to those of the conjunction-class missions. Thus, the outbound and inbound transit times are fixed. Table 3 shows how the baseline missions are altered when the encounter dates are varied to optimize the IMLEO. Note again that the differences between these results and those of Refs. 4 and 6 are a consequence of using a different optimization function and mission scenario.
As seen in Table 3 , the IMLEO is drastically reduced, in most cases, from the baseline missions of Refs. 4 and 6 (see Table 2 ). The reductions in the IMLEO are more pronounced for CHEM than for NTP, because of its lower /_p. Again, the NTP results are not all shown here because there are so many data, and the reader is referred to Ref. 15 for further information on NTP results. For all missions, however, the earth departure date is altered only by a month or so. The inbound and outbound transit times, along with the Mars stay time, have changed considerably for many missions. However, the net effect is small (for most missions) m that the total mission time remains roughly the sante. Note that the transit times for the fast-transfer conjunction-class missions were increased (tbr the Earth direct entry and the Mars aerobraking ,'rod Earth direct entry scenarios) so that the Mars and Earth entry velocities could satisfy the imposed constraints.
Looking at Table 3 , chemical propulsion appears very unfavorable for almost all mission classes and mission scenarios.
The opposition and fast-transfer conjunction-class missions require a drastically high IMLEO in some cases (upward of 28(/0 mr), and only the conjunction-class missions seem remotely feasible. Nuclear propulsion, on the other hand, appears quite attractive for all mission classes and mission scenarios, with IMLEOs ranging from 300 to 715 mt. Additionally, replacing a propulsive stage by an Earth direct entry mode or a Mars aerobraking and Earth direct entry mode was always found to reduce the required IMLEO. Aerobraking is shown to have the greatest effect for the fast-transfer conjunctionclass missions, because these high-energy transfers require a high velocity decrement for orbital capture. Once the minimum-lMLEO missions are calculated lot each opportunity, the effect of delaying their Mars and Earth departure dates by 5, 15, and 30 days is examined. Tables 4-7 show the results. All the nominal missions calculated in Table 3 for each opporlunity are reproduced at the top of Tables 4--7 fi_r comparison.
Mars Delays
Tables 4-7 show the effect of delaying the Mars departure date for the 2013, 2010, 2016, and 2018 opportunities and mission scenarios. The greatest effect is seen for the opposition and fast-transfer conjunction missions.
For the opposition-class missions, the increase from the nominal in the IMLEO can be upwards 388.1 mt for the 2013 opportunity (Table 4 ) and 203.8 mt for the 2010 opportunity (Table 5) . Overall, a 5-day delay does not have a significant effect on the IMLEO, but any further dehtys can lead to drastic consequences. For this opportunity, NTP was able to absorb the penalty in IMLEO significantly better than CHEM; however, a large delay (30 days) may still pose a problem. For the fast-transfer conjunctionclass missions, the increase in the IMLEO over the nominal mission can be as high as 698.0 mt for the 2016 opportunity ( Table 6 ). The trends produced by the fast-transfer conjunction-class missions are very similar to those of the opposition-class missions. That is, it 5-day delay at Mars does not impose a significant penalty; however, a longer delay leads to excessive IMLEO increases.
Again, as expected, NTP has significantly lower penalties than CHEM, but long delays may still pose a problem (see Ref. 15 Earth direct entry--Earth delay (chemical pr_pulsion).
have very little effect. Therefi)re, slight deviations from the nominal trajectories do not produce significant penalties in IMLEO. Opposition and fasHransfer conjunction-class missions, on the other hand, rely on high energy transfer. As a result, any modifications to their trajectories can lead to excessive increases in the IMLEO.
For the opposition-class missions, the IMLEO penalty is lower for outbound Venus swingby trajectories (2010 opportunity) than for the inbound Venus swingby trajectories (2013 opportunity). This outcome is a consequence of opposition-class missions having a high-energy-transfer leg (which includes the Venus swingby) and a low-energy-transfer leg (which does not include the Venus swingby). Therelbre, when the high-energy-transfer leg (i.e., with the Venus swingby) is used for Earth return, larger IMLEO penalties result (see Table 4 ) for any delays in the Mars departure date. If the low-energy-transfer leg is used for Earth return (as in the conjunction-class mission trajectories), lower IMLEO penalties will be produced.
Hence, opposition-class missions with an outbound Venus swingby are preferable in connection with Mars departure delays. Figure 1 shows graphically the comparison between the various mission classes for delays in the Mars departure date for the Earth direct entry scenario using chemical propulsion.
Earth Delays
Tables 4-7 also show the effect of delaying the Earth departure date for the 2013, 2010, 2016, and 2018 opportunities and mission scenarios. The results are very similar to the trends observed for delays in the Mars missions. That is, the greatest effect is seen for the opposition and fast-transfer conjunction-class missions; the conjunction class missions are not affected very much. The same reasoning about the efficiency of the transfers applies here as for the Mars delays. For the opposition-class missions, the penalty in the IMLEO can be upwards of 168.3 mt from the nominal for the 2013 opportunity (Table 4) , and 432.4 mt for the 2010 opportunity {Table 5). For the fast-transfer conjunction-class missions, the penalty can be as high as 1977.3 mt for the 2016 opportunity {Table 6). Again, a 5-day delay at Earth does not impose a significant penalty; however, longer delays lead to excessive IMLEO increases. These excessive increases occur when the Earth departure date is pushed outside the nominal opportunity to perform that particular mission. As before, NTP has significantly lower penalties than CHEM, but long delays can pose a problem (see Re{. 15) .
Once again, the conjunction-class missions were the least affected by the delays in the Earth departure date, as compared to the opposition and fast-transfer conjunction missions. The same reasoning applies here as stated in the Mars delay. The largest penalty in the IMLEO tbr delays up to 15 days is only around 19.3 mt from the nominal lor the 2018 opportunity (Table 7) . lfthe delay in the Earth departure date is longer than 15 days, the penalty in IMLEO can become large. Again, this outcome is the result of the Earth departure date being pushed outside the nominal opportunity to perform that particular delayed mission. As stated before [or conjunctionclass missions, NTP showed only minor advantages over CHEM in absorbing any IMLEO penalties. Figure 2 graphically shows the comparison between the various mission classes lk_r delays in the Earth departure date for the Earth direct entry scenario using chemical propulsion.
Trajectory Modification
Since the effect of delaying departure from Mars and Earth is significant for many of the nominal missions, an attempt has been made to reduce the penalty in IMLEO by modifying the mission trajectory. The missions are modified by including a DSM, along with adding or removing a Venus swingby, on the rebound and outbound legs of the trajectory. Additionally, the inbound tirne of flight is allowed to increase. Many cmnbinations of the above scenarios were tried, and the combination producing the htrgest reduction in the IMLEO penalty is shown. Table 8 gives the results for a few of the missions analyzed that had high IMLEO penalties associated with either a Mars or an Earth delay. The nominal values and the corresponding ones for the delayed Mars of Earth mission are reproduced for comparison. In some cases, the penalty for conjunction-and opposition-class missions can be reduced by adding a DSM. Table 8 shows results for two opposition-class missions in which adding a DSM reduced the IMLEO penalty. The addition of a DSM also reduced the IMLEO penalty for some conjunction-class missions when NTP was used (see Re{. 15 the penalty in IMLEO was less than approximately I rnt. Therefore, the consideration of delays to the Mars and Earth departure dates indicates the use of NTP.
Conclusions
This study determines the effect on the initial mass in low-Earth orbit (IMLEO) of a nominal mission if the departure from Mars or Earth is delayed by 5, 15, or 30 days. For opposition and fast-transfer conjunction missions, the results indicate lhat a 30-day delay in either the Mars or Earth departure dates can produce high penalties in the IMLEO; increases as high as 432.4 and 1977.3 mt are possible, respectively.
Conjunction-class missions, on the other hand, are relatively insensitive to delays in the Mars and Earth departure dates; penalties in the IMLEO of less than 1[)3.5 mt were observed. Nuclear thermal propulsion had significantly lower IMLEO penalties than chemical propulsion.
The use of a DSM, along with the addition or removal of a Venus swingby, on the interplanetary trajectories did not significantly alleviate the IMLEO penalties. Hence. this analysis suggests that conjunction-class missions appear to be the only choice for performing human missions to Mars and avoiding IMLEO penalties due to long Mars or Earth departure delays.
